Abstract. Unusual structures characterized by a very highvelocity divergence have been observed in the high-latitude F-region with SuperDARN radars (André et al., 2000) . These structures have been interpreted as due to local demagnetization of the plasma in the ionospheric F-region, during very specific geophysical conditions. In this study, the collective wave scattering theory is used to characterize the decameterscale turbulence (λ ≈ 15 m) inside the structures. The distribution function of the diffusion coefficient is modified when the structures are generated, suggesting that two regimes of turbulence coexist. A temporal analysis decorrelates the two regimes and gives access to the dynamics associated with the structures. It is shown that a high turbulent regime precedes the plasma demagnetization and should be related to an energy deposition. Then a second regime appears when the plasma is demagnetized and disappears simultaneously with the structures. This study is the first application of the collective wave scattering theory to a specific geophysical event.
Introduction
Coherent HF radars use decameter-scale electron density irregularities as tracers of the plasma motion, deriving the average line of sight velocity from a complex autocorrelation function (ACF) obtained by the transmission of a multipulse sequence (Greenwald et al., 1985) . An appropriate analysis of the ACF also gives details on the turbulence properties inside the illuminated area. Using the collective wave scattering theory, which is an approach well developed in the laboratory plasma sciences, Grésillon et al. (1992) and Hanuise et al. (1993) have demonstrated that it can also be applied to ionospheric HF coherent radar observations. In a fluctuating plasma, this theory considers that the scatCorrespondence to: C. Hanuise (hanuise@cnrs-orleans.fr) ter originates from macroscopic dielectric response function non-uniformities and that the scattered frequency spectrum is Doppler broadened by fluid motions. It is an alternate approach to the usual method of considering that density fluctuations are due to waves in an unstable plasma and of looking for their dispersion equation. In a later work, Villain et al. (1996) have shown that the recorded ACF can be adjusted with a general analytical expression, from which the integral correlation time and the turbulent diffusion coefficient can be extracted. Fitting the observed ACF with this analytical expression, the authors evaluated these two parameters which describe the turbulence. Their distribution functions have been established for a large data set.
Recently, André (1997) and André et al. (2000) (to be referred to as Paper 1) have published observations of unusual structures in the ionosphere observed by SuperDARN radars . They are characterized by an anomalously high velocity divergence in a plane perpendicular to the magnetic field. The purpose of the present paper is to make use of the characteristics of the micro-scale turbulence in order to describe the temporal evolution of the meso-scale structures. It is not aimed at explaining the physical process involved in generating the very high plasma diffusion coefficient that is observed in the present study. This will be the subject of a future paper. To our knowledge, this paper is the first attempt to make use of the results of the collective wave scattering approach to improve our understanding of meso-scale phenomena in the ionosphere.
The second part of this paper summarizes the radar observations and briefly recall their interpretation. In Paper 1, it has been shown that the global ionospheric conditions are unchanged during the events and that the ionospheric ions become locally demagnetized. When this happens, the plasma should undergo a strong change in behaviour, and these changes could be identified through dramatic changes in the plasma turbulence characteristics.
The global evolution of the diffusion coefficient D is studied in the third part, and some unusual behaviour associated with the inner part of the structures is shown. The fourth part describes the temporal variations of D. It provides us with a new picture of the structure evolution, corresponding to an energy deposition before the demagnetization, to the appearance of a specific turbulence regime limited to the structure region, and to the disappearance of this regime at the end of the event when the plasma motion recovers a classical behaviour, indicating that the ions are again magnetized. Finally, we conclude on this first geophysical application of the collective wave scattering approach and on its ability to describe the turbulence behaviour in specific events.
Observations and interpretation
The collective wave scattering approach is applied to unusual structures, previously dubbed "small-scale expanding structures" (SSES) in Paper 1. In this paragraph we briefly recall the radar observations and their interpretation.
Observations
Figure 1 presents velocity vectors of plasma motion in a plane perpendicular to the magnetic field in a MLT-Invariant Latitude reference frame, as evidenced with the use of the high-spatial resolution merging technique . The amplitude and the direction of the flow are indicated by the amplitude and the orientation of the line, whereas the dots represent the location where the plasma velocity is computed. The map clearly shows the presence of a very high divergent flow surrounded by a large-scale vortex. A few minutes before this observation, the plasma motion de- scribed only a vortex, indicating the presence of a divergent electric field in a magnetized plasma (E × B motion). This implies the closure of field-aligned currents in the E-region . The same type of structure has been observed several times. Their typical spatial scale is of the order of 300 km and their lifetime varies from 5 to 10 min. The phenomenon is, therefore, sufficiently stable so that it is detected by the radars during at least two azimuthal scans of 2 min each.
The structures are observed during very specific geophysical conditions, in particular a northward interplanetary magnetic field (IMF). In such conditions, the magnetosphere is closed and the nightside convection pattern is highly irregular (see, for example, Bythrow et al., 1985) . As indicated by the very low values of the K p index (1 to 1+), the planetary activity is very weak, without any global change in the magnetospheric configuration. The vortices and divergent flows appear in a localized region at 75-80 degree of magnetic latitude in the evening sector (19-21 MLT), near the poleward boundary of the auroral oval, as defined by Feldstein and Starkov (1967) .
The global radar data strongly suggest that the ionospheric conditions remain steady, and that the propagation path of the incident radar wave is unchanged in the course of the observations. By using the location of echoes due to direct reflections from the ground, the ionospheric density profile has been estimated in Paper 1, and it has been inferred that the structures should be located at the bottom of the F-region, at an altitude close to 200 km. At last, having examined carefully the ACF analysis, the authors concluded that the structures are not due to some experimental artifact but are truly related to the signatures of real geophysical events.
Interpretation
As a consequence of their magnetization in the F-region, the ion should follow a divergence-free motion in a plane perpendicular to the magnetic field. During the SSES events, if the particles are moving in the E ×B direction, such a velocity divergence would imply a strong vorticity in the electric field, and, consequently, a strong temporal variation of the magnetic field amplitude. The values computed in Paper 1 are unrealistic, as the Earth magnetic field would collapse in two minutes.
Paper 1 demonstrated that the only sensible conclusion in order to interpret the observations is to consider that ions are no longer magnetized and that their motion is governed by collisions. It remains to explain the origin of the strong increase in the ion collision frequency at the bottom F-region. It has been proposed in Paper 1 that plasma turbulence generated by strong wave-particle interaction can produce an effective collision frequency greater than the ion gyrofrequency, and thus achieve the needed ion demagnetization. Another possibility is an increase in the neutral density associated with a strong heating of the thermosphere.
Characteristics of the turbulence within the structures
In order to obtain a more detailed view of the characteristics of these structures, the collective scattering theory has been applied to the radar Doppler spectra, as one might expect that the parameters characterizing the plasma turbulence, namely the integral correlation length and the diffusion coefficient D, do undergo a noticeable change, simultaneous with the change in ion state from magnetized to unmagnetized. In order to check this hypothesis, we have compared the distribution of D values inside the structures to the average F-region distribution at the same radar frequency. This has been done in a statistical sense for all the events of Paper 1.
Diffusion coefficient distribution
In a first approach aimed at identifying the global characteristics of the turbulence before, during and after the structure, a sliding window of 10 min has been applied ( Fig. 2) , independent of the real duration of the particular events. Figure 3 shows, as a bold line, the distribution of the diffusion coefficient D inside the structures for various delays: before, during and after the observation time. This figure is an histogram of D values for all range-beam cells of the radars which fall within any of the structures included in the data set. Succeeding figures (4 and 6) are similar plots for more limited temporal or spatial portions of the events. The thin and dotted lines indicate average F-region and E-region distributions of this parameter at 9 Mhz, respectively (Villain et al., 1996; André, 1997) . The distributions computed 15 and 5 min before the events ( Fig. 3a and b) are very similar to the average F-region distribution. This confirms that the areas probed by the radar are located within the F-region where ions should be magnetized. They also show that the number of points, if small, is During the lifetime of the structures, the distribution becomes very different, with two well-marked maxima at 200 and 600 m 2 /s (Fig. 3c) . The original 400 m 2 /s peak has completely disappeared.
Five minutes after the events (Fig. 3d) , the occurrence of diffusion coefficients close to 400 m 2 /s increases again, while the 600 m 2 /s peak starts to disappear. The component near 200 m 2 /s is still present, with a slight shift towards smaller values. For this window, there can be some overlapping with the structure due to the different lengths of the various events. Finally, the distribution observed 15 min after the event (Fig. 3e) is again close to the average F-region distribution, the 200 m 2 /s and 600 m 2 /s peaks having completely disappeared. One can furthermore notice that small D values are nearly absent in the histogram.
Summarizing all these observations, the most striking feature is a very unusual distribution of the diffusion coefficient D inside the structures. The presence of two maxima suggests the existence of two different turbulence regimes overlapping in space and/or time.
Spatial variations
In Paper 1, it has been shown that the signal-to-noise ratio (SNR) is strongly enhanced on the structure edges. This characteristic has been used as a means of determining the structure scale size. The SNR ratio indicates an increase in the electron density fluctuation level or an increase in the number of irregularities present at the interface between the structure centers and the background ionosphere. One can expect that a specific turbulence regime will take place at this location and will lead to the development of one of the peaks in the D distribution.
In order to evaluate the influence of the structure boundaries on the D distribution, we have separated the data originating from this region from those located at the structure centers. Figure 4 shows the result with the distribution at the center as a bold line and the distribution on the edges as a thin line. The multi-peaked feature is greatly enhanced inside the structure centers but is barely visible on the boundary. However, on this boundary, the 400 m 2 /s peak, typical of the average F-region distribution, is present and the 600 m 2 /s peak is totaly absent. One can note that the 200 m 2 /s is also present in this region, at the same level as within the center.
Therefore, the comparison of the D distributions in two spatially distinct locations inside the structures allows us to conclude that the high values of D are preferentially located near the centers.
Structure dynamic

Identification of the turbulence regimes
In order to separate temporally the different regimes in the distribution of D, we first reduce the duration of the temporal window by a factor of 2, as shown in Fig. 5 . Moreover, taking into account that the events have different lifetimes, we also define a normalized time scale, in which the time is normalized over the structure's lifetime. Therefore, the origin of the time scale (time 0) corresponds to the beginning of observation for any structure, and its end (time 1) to the end of the observations, whatever the event duration. Using this definition, Fig. 5 shows two time windows which correspond to times 0 and 0.75, respectively. The temporal evolution of the distributions is afterwards computed by shifting successively the time window by steps of 0.25.
Diffusion coefficient
With the previous definition, the first half of an event corresponds to normalized time 0.25 (window from 0.0 to 0.5) and the second half to time 0.75 (window from 0.5 to 1.0). Figure 6 shows the D distribution for the two halves, the first one plotted as a bold line and the second one as a dashed line. The peak around 200 m 2 /s is present during the whole event.
On the opposite side, it is clear that the high D distribution is present only at the beginning, its amplitude decreasing by a factor of 3 in the second half.
Integral correlation time
A similar analysis performed with the integral correlation time is shown in Fig. 7 . In this case, the two distributions do not change significantly from one period to the other. The only noticeable difference concerns low correlation time values, with an occurrence of more than 20% at time 0.25, followed by a decrease down to 10% at time 0.75. This suggests that the correlation time becomes very small, even shorter than the temporal resolution of the ACF, when the turbulence is dominated by a high diffusion regime.
At this step of the analysis, we have developed a scenario on how the turbulence characteristics evolve within the structures. Three separate regimes can be distinguished. Before and after the structure observations, a first regime is present, associated to the usual F-region turbulence (D ≈ 400 m 2 /s). The other two regimes (D ≈ 200, 600 m 2 /s) are seen only during the structure's lifetime, the 600 m 2 /s peak being seen only at the beginning of the event, and close to the center of the structure.
Turbulence dynamic
In order to detail further the turbulence dynamics as the structures evolve, we separate the D distribution into three intervals with a width of 200 m 2 /s, each of them centered around the mean values indicated earlier, namely 200, 400 and 600 m 2 /s. For each interval we define a weight W i as:
where F (structure) and F (F−region) are the distribution functions associated with the structures and with the average background F-region, respectively. Figure 9 shows the temporal evolution of the weights between normalized times −1.0 and +2.0. The weight associated with the classical average F-region diffusion regime (D ≈ 400 m 2 /s) is in a bold line, the low diffusion one (200 m 2 /s) is in a dotted line and the highest one (600 m 2 /s) in a dashed line. The vertical thin lines mark the beginning (t = 0) and the end (t = 1) of the structure observations.
For the three curves, the first points have values close to zero and thus show that only usual F-region turbulence is present (F
). Just before the start of the demagnetization process, the typical F-region component is enhanced (t = −0.5). The high diffusion regime also starts to appear at t = −0.25, rises rapidly and reaches its maximum value when the structures are generated (at t = 0 and t = 0.25). Also at t = −0.25, the classical F-region component starts to decrease sharply. It seems, therefore, that the process generating the high diffusion regime operates before the structures appear and triggers the plasma demagnetization.
The high diffusion regime relaxes quickly from t = 0.25. The weight of the average F-region distribution still decreases and is balanced by an increase in the lower D distri- The high diffusive region (dashed line) appears before and seems to trigger the appearance of the structures. The F-region comes back to its average state (bold line) after the end of the event. During the event, it is characterized by a lower D value (dotted line).
bution. At the end of the event (t = 1.0), the high diffusion regime has completely disappeared, the low diffusion regime is at its peak value, while the average F-region diffusion regime is absent, being at its minimum value. After the end of the event, the average F-region weight increases rapidly and comes back to its normal value, indicating that the ionospheric F-region plasma has returned to its original state. Simultaneously, the low D regime disappears. The clear anticorrelation between the two weights during the structure's lifetime indicates a close relationship between them. From the temporal variations, we can now propose a detailed scenario for the phenomenon. Before the event, the turbulence exhibits the average F-region characteristics, as expected. A few minutes before, the structures are seen by the radar, the high-diffusion regime appears and seems to be associated with a demagnetization process. Simultaneously with the decrease in the high-diffusion regime, the background plasma evolves toward a low diffusion state which disappears when the plasma becomes magnetized again. The turbulence characteristics then come back to typical F-region characteristics.
This scenario suggests that the high-diffusion regime and associated very-low correlation times are related to the energy deposition, which itself generates the observed structures. In Paper 1, the authors have proposed that the demagnetization process can be due to anomalous transport induced by turbulence. Such a mechanism is in complete agreement with the present observations of a high-diffusion regime and short correlation times. The two other D distributions represent two different states of the background ionosphere, with an usual F-region turbulence when the plasma is magnetized, and a low-diffusion regime when it is collisional. It can be noticed that the value of 200 m 2 /s found for this regime is similar to the usual D value in the E-region where the plasma is also collisional (André, 1997) .
Discussion and conclusion
In this paper, we have applied the collective wave scattering theory (Grésillon et al., 1992; Hanuise et al., 1993; Villain et al., 1996) to the small-scale expanding structures presented by André et al. (2000) . The ionospheric turbulence inside the structures has been characterized statistically from the distribution functions of two parameters, namely the turbulent diffusion coefficient and the integral correlation time of the electron density irregularities.
The most important observation is the appearance of a region of very high diffusion coefficient 600 m 2 /s at the beginning of the events. It can be interpreted as the signature of some energy deposition triggering the plasma demagnetization already presented by André et al. (2000) . Spatially, this region is exclusively co-located with the center of the smallscale expanding structures observed by the radars.
The important phenomenon is the relative variations of the diffusion coefficient, and not their absolute value. As a matter of fact, it appears that D values mentioned in the paper are two orders of magnitude larger than the ambipolar diffusion coefficient, and are of the order of the Bohm diffusion coefficient. For a turbulent plasma in the F-region (where collisions do not dominate the ions or electrons motion), this coefficient is estimated to be of the order of 125 m 2 /s . The shape of the ACF power is used to derive the plasma turbulent parameters, and particularly the turbulent diffusion coefficient D, as described by Grésillon et al. (1992) , Hanuise et al. (1993) and Villain et al. (1996) . Nevertheless, André et al. (1997) have shown that the values depend upon the ratio of the radar frequency to the ionospheric plasma frequency and of the range between the radar and the probed area. This is due to the interactions between the radar wave front and density structures along the propagation path (Vallières et al., 2002) . This effect becomes important when the radar frequency becomes close to the ionospheric plasma frequency, as was the case (the radar frequency was 9 MHz). Under such conditions, the radar wave decorrelates more rapidly and the spectral width is enhanced, leading to an artificial increase in D. The magnitude of this bias depends on the propagation path length and on the density structures encountered along it.
For the specific cases studied in this paper, the radar data suggest that the ionosphere did not change on a global scale during the observations. It is thus safe to consider that the propagation path did not vary with time and that the bias due to the propagation was constant during each event. Range values between 1500 and 2400 km were observed for the six events listed in Table 1 of Paper 1, with a mean value around 2000 km. According to Grésillon et al. (1998) and Vallières et al. (2002) , the variation in D due to propagation effects is of the order of ±50 m 2 /s around its mean value. It will be taken as the average error induced by the ionospheric propagation on the diffusion coefficient. This means that, inside the structures, any variation of D much greater than this threshold of ±50 m 2 /s will be related to modifications in turbulence characteristics. Moreover, the increase in diffusion coefficient values is limited to the structure, and observations performed at farther ranges do not exhibit any increase in D. This corroborates the fact that the observed variations are local and not due to propagation effects (see Paper 1 for details).
In agreement with observations, a possible scenario of the time evolution has been developed as follows. The background plasma exhibits its usual characteristics, both before and after the event, when F-region ions are magnetized. The appearance of a high D value distribution precedes the appearance of the structures and the plasma demagnetization by a few minutes. The distribution relaxes quickly and the associated energy dissipation leads, by heating, to a collisional plasma state. The value of D is of the order of 200 m 2 /s, which is of the same order of magnitude as the usual E-region (collisional plasma) D values. Finally, the plasma relaxes further toward the average F-region state. The high diffusion regime is certainly related to the anomalous diffusion process proposed by André et al. (2000) to explain the plasma demagnetization.
In this paper, we have presented the first application of the collective wave scattering approach to a geophysical phenomenon. It demonstrates that the microscale characteristics can bring new insight to the understanding of the global processes involved.
